We aimed to find a transfection method which provides high efficiency with minimal cytotoxic and/or apoptotic effects for gene transfer into multilayer primary chondrogenic cell cultures. The pEGFP-C1 plasmid was introduced into the cell culture and the efficiency of transformation quantified by GFP fluorescence; the resulting nucleofection was effective but resulted in severe apoptosis. Two liposomal reagents designed to allow transfection into adherent cells did not deliver the plasmids sufficiently and cartilage formation did not occur. In addition, a third liposomal compound, recommended for transfection into either adherent or suspension cell cultures, lead to acceptable transfection efficiency but no cartilage formation. When an amphiphilic reagent was used however, there was acceptable transfection efficiency as well as cartilage formation. The viability of the cells which were transfected using the amphiphilic reagent remained unaffected but proliferation was severely diminished, particularly in the presence of GFP. In addition, the amount of cartilage decreased when GFP was expressed, despite unchanged levels of mRNAs of sox9 and aggrecan core protein, factors reflecting on the efficiency of chondrogenesis. Overexpression of both the constitutively active delta and gamma isoforms of catalytic subunit of calcineurin, a protein phosphatase described as a positive regulator of chondrogenesis, decreased protein level of Sox9 and subsequent cartilage formation. In conclusion, we found that amphiphilic reagent applied prior to the adhesion of cells provides a useful means to transfer plasmids to primary differentiating chondrogenic cells.
Introduction
Several methods of gene transfer into different cell types have been described including calcium phosphate precipitation, electroporation, viral vectors, particle guns, microinjection and lipofection [1] [2] [3] [4] [5] [6] which have varying efficiency of transfection into eukaryotic cells [7] [8] [9] . These methods are cell type specific and aggressive protocols usually cause an increase cytotoxicity. Although a large number of experiments were performed to optimize different transfection methods on different cell lines [10] , transfection of primary cells is still a challenge. Primary cells are an important tool in mapping signaling pathways, therapeutic applications and drug development, but on are sensitive to any kind of treatment or intervention [6] . This is particularly true for differentiating primary cells, where the expression of foreign proteins (e.g. GFP) or viral promoters (e.g. CMV or SV40) may suppress the normal lifecycle and/or the differentiation process via modulating signaling pathways [1] [2] [3] [4] [5] [6] 11] ; therefore, viral transfection methods are avoided. Cationic liposomemediated transfection and electroporation, which do not disturb aggressively the normal life cycle, condensation and the capability of adhesion of cells have a much higher chance of successful transfection of primary differentiating cells [12] . Although nucleofection on cell lines is undoubtedly a good choice, microinjuries of the cell membrane, as a consequence of electroporation, could increase cytotoxicity [13] . The most commonly used non-viral transfection method is lipofection, when the foreign plasmid, RNA or oligonucleotide is covered by a membrane-forming liposome [4] . Synthetic nonliposomal delivery systems are based on cationic pyridinium head group binding to the negatively charged DNA with the help of DOPE (dioleoylphosphatidylethanolamine) [14, 15] . Application of this transfection method for sensitive cell lines and in vivo gene therapy has promising results with very limited cytotoxic effect [15] .
Primary mesenchymal cell culture system established from chondrogenic mesenchymal cells isolated from chicken limb buds is a widely used experimental model for cartilage differentiation [16] [17] [18] [19] . This high density cell (HDC) culture system represents a unusual kind of primary differentiating cells, in which a high concentration of cell suspension (15 million cells/mL) is required to initiate differentiation [20] . Chondrogenesis in HDC cultures occurs spontaneously: chondroprogenitor mesenchymal cells undergo rapid proliferation during the first culturing day and migrate to establish so-called precartilage nodules [16, 20, 21] . Cell-cell contacts and different paracrine and endocrine factors initiate intracellular changes which result in the activation of genes of cartilage matrix-specific macromolecules, e.g. type II collagen or aggrecan [22] . The presence of aggrecan in the cartilage matrix can be detected by staining of cell cultures with a metachromatic dye. Metachromasia can be observed from the beginning of the third day of culturing and abundant cartilage matrix is formed by day 6 of culturing [20, 23] . Because of the high concentration of chondrifying cells, transfection into chondrogenic cell cultures is problematic and demands more attention than that of other cell types. The efficiency of transfection in these cultures depends on the method used: microinjection does not have the capability to transfect the large number of cells required; calcium phosphate precipitation destroys the high density micromass structures. Since the critical steps of cartilage formation occur during the first three days of culturing, introduction of expression vectors into the chondrogenic cells must be carried out in this early phase. The chondrogenic cells are sensitive to any intervention at the beginning of culturing, therefore overexpression of any proteins by transfection can be designed to express transiently.
Cartilage differentiation is regulated by various transcription factors, the most important of which are CREB and Sox9 [24, 25] and the activity of these factors is modulated by transient phosphorylation. This type of posttranslational modification requires the expression and activation of Ser/Thr-specific protein kinases, e.g. protein kinase A, protein kinase C or MAP kinases [26] [27] [28] , with the level of phosphorylation controlled by protein phosphatases (PPs). PP2A is involved in the regulation of in vitro chondrogenesis by dephosphorylating protein kinase A and CREB, and pharmacological inhibition of PP2A by okadaic acid enhances cartilage matrix production. Calcineurin (Cn), the Ca 2+ -calmodulin dependent PP is a heterodimer consisting of two subunits: calcineurin A (CnA), a 58-64 kDa catalytic subunit, and calcineurin B (CnB), a 19 kDa calmodulin-binding and Ca 2+ binding regulatory subunit which provides the sensitivity of calcineurin to changes in intracellular Ca 2+ concentration. The enzymatic activity of Cn is repressed in the native protein, and to become fully active it requires binding of CaM and the cleavage of autoinhibitory domains by proteases [29] . Our group previously demonstrated that the changes of intracellular Ca 2+ concentration play an important role in cartilage differentiation [30] . Increased intracellular calcium levels can induce chondrogenesis through the Cn-nuclear factor of activated T-cells (NFAT) signaling pathway and modulate the activity of ERK1/2 [19, 31] . The importance of the PPs in the regulation of chondrogenesis is doubtless but the effect of their overactivation and/or overexpression on cartilage differentiation has yet to be clarified.
The aim of our study was to find a suitable method of transfection for primary chondrogenic cells with the least perturbance of the differentiation process and the highest transfection efficiency. We have compared a nucleofection method (Amaxa), three lipofection methods (Lipofectamine 2000, SuperFect Reagent, and DMRIE-C Reagent) and a synthetic delivery system (Saint-Mix Reagent) to find the optimum method of transfection. As a consequence, we found that micromass cell cultures could not be transfected successfully after adhering and electroporation severely disturbed the proliferation capacity as well as reduced the viability of cells. Efficacy of the lipofection was method-sensitive and the best results were obtained by the synthetic delivering system. With the use of this type of transfection reagent, a constitutively active (CnAdelta) and gamma isoform of catalytic subunit (CnAgamma) of calcineurin were transiently overexpressed in HDC cultures demonstrating that the overexpression of both CnAdelta and CnAgamma reduced the formation of cartilage nodules and inhibited the differentiation process.
Experimental Procedures

Cell culturing
Distal parts of the limb buds of Ross hybrid chicken embryos of Hamburger-Hamilton stages 22-24 were removed and primary micromass cultures of chondrifying mesenchymal cells were established from cell suspensions with a density of 15x10 6 cells/mL [17, 32] . Droplets (100 mL) of the suspension were inoculated onto the bottom of plastic Petri dishes (Nunc, Naperville, IL, USA) with the day of inoculation is considered as day 0. Colonies were nourished with Ham's F12 medium (Sigma, Budapest, Hungary), supplemented with 10% fetal calf serum (Gibco, Gaithersburg, MD, USA) and were kept at 37°C in the presence of 5% CO 2 and 80% humidity in a CO 2 incubator. The medium was changed on every second day.
Plasmids and transfection methods
pEGFP-C1 vectors (Invitrogen, Carlsbad, CA, USA), which encode green fluorescent protein (GFP) under the control of CMV promoter and have kanamycin resistance, were utilized. The following cDNAs were cloned into pEGFP-C1. 1) CnAdelta, coding a truncated form of calcineurin that mimics the proteolysed form of the PP known to have Ca 2+ -independent, constitutively active phosphatase activity [33] . 2) CnAgamma codes for the entire form of the phosphatase cDNA of catalytic subunit of gamma isoform [34] . The recombinant plasmids were amplified using competent E. coli from the One Shot chemical transformation kit (Invitrogen Carlsbad, CA, USA). Kanamycin resistant bacteria were grown on LB agar and plasmids were isolated using 
Transfection by reagents and electroporation
Lipofection and synthetic delivery system protocols were preformed in freshly isolated cell suspensions with a density of 15x10 6 cells/mL by decreasing the volume of transfection reagents by 25%. Transfection reagents and cell suspensions (100 or 30 μL mixtures) were inoculated onto the bottom of Petri dishes and into 24-well plates, respectively. After 2 hours, transfected colonies were nourished with Ham's F12 medium supplemented with 10% fetal calf serum. Nucleofection was performed by using a modified nucleofection protocol of Amaxa as follows: 200 μL of 15 x 10 6 chondrogenic cell suspension was electroporated with the optimized C17 program; 100 μL droplets were inoculated onto the bottom of Petri dishes and 30 μL droplets into 24-well plates.
Light microscopical morphology and fluorescence microscopy
High-density cultures established from 30 μL droplets of chondrogenic limb bud mesenchymal cells of different experimental groups were cultured on the surface of round coverglasses (Menzel-Gläser, Menzel GmbH, Braunschweig, Germany) placed into wells of 24-well culture plates. Cell cultures were fixed in a 4:1 mixture of absolute ethanol and 40% formaldehyde on day 6 of culturing and were stained with 0.1% dimethylmethylene blue (DMMB, Aldrich, Germany) dissolved in 3% acetic acid, washed in acetic acid and were mounted in gum arabic. Detection of the size of the metachromatic matrix areas provides a good approximation of the amount of formed cartilage [16, 17, 19] . The amount of sulphated matrix components was determined with a semi-quantitative method, by measuring the optical density of extracted toluidine blue (Reanal, Budapest, Hungary) bound to glycosaminoglycans in mature HDC. Six-day-old cell cultures were fixed in a solution containing 28% ethanol, 4% formalin and 2% acetic acid, stained with 0.1% toluidine blue dissolved in glycine-HCl buffer (pH 1.8) for 15 min, then unbound toluidine blue was washed in glycine-HCl buffer for 1 h. The dye bound to highly sulphated proteoglycans and glycosaminoglycans was extracted in 8% HCl dissolved in absolute ethanol. Absorbance of samples containing extracted toluidine blue was measured at the wavelength of 625 nm on a microplate reader (Chameleon, Hidex Ltd., Turku, Finland). Samples from 5 cultures of each experimental group were determined in 5 independent experiments. Data were statistically analyzed with Student's t-test. Effectiveness of different transfection methods was judged by approximation of the number of GFP expressing cells in 2-day-old cultures with a fluorescent microscope (Nikon Eclipse E800, Nikon Corporation, Tokyo, Japan).
Measurement of apoptosis and transfection efficiency by flow cytometry
After 24 h of transfection, rate of apoptosis was measured by using AnnexinV DY 647 kit (Central European Biosystems, Budapest, Hungary) with untransfected cells used as control. After washing twice in CMF-PBS (calcium and magnesium free phosphate buffered saline), cells were incubated with 10 μL AnnexinV DY 647 at room temperature for 10 min. Before harvesting with 0.25% trypsin (Sigma, Budapest, Hungary), cells were washed with Annexin binding buffer. Cell pellets were suspended in 500 μL FACS buffer (PBS supplemented with 1% BSA and 0.05% NaN 3 ) and measured on a CyFlow ® space Flow Cytometer (Partec GmbH, Münster, Germany). GFP was monitored at 575 nm and Annexin DY647 at 670 nm. Measurement lower threshold were set on cell-size particles. Analysis was performed with WinMDI 2.8 freeware (Joseph Trotter, http://facs. scripps.edu/). Analysis quadrants on Annexin/GFP density plots were set apart Annexin-/GFP-; Annexin+/ GFP-; Annexin-/GFP+; Annexin+/GFP+ populations. Representative data of five independent experiments were summarized in tables.
Preparation of cell extracts
Two-or three-day-old cell cultures were washed in physiological NaCl solution and were harvested. After centrifugation cell pellets were suspended in 100 μL of homogenization buffer containing 50 mM Tris-HCl buffer (pH 7.0), 0.5 mM dithiothreitol, 10 μg/mL Gordox, 10 μg/mL leupeptin, 1 mM phenylmethylsulphonyl (PMSF), 5 mM benzamidine, 10 μg/mL trypsin inhibitor (as protease inhibitors) and 0.5% Triton X-100. Samples were stored at -70°C. Suspensions were sonicated by pulsing burst for four times 30 s by 50 cycles (Cole Palmer Ultrasonic distributor, Illinois, USA). For Western blot analysis, total cell lysates were used. For RT-PCR analysis, cartilage colonies were washed three times with RNase-free physiological sodium chloride then the cultures were stored at -70°C.
Western blot analysis
Total cell lysates were examined by Western blot. Samples for SDS-PAGE were prepared by adding 1/5 volume of fivefold concentrated electrophoresis sample buffer (310 mM Tris-HCl pH 6.8, 10% SDS, 50% glycerol, 100 mM DTT, 0.01% bromophenol blue) to cell lysates and boiled for 10 min. About 70-80 μg of protein was separated by 10% SDS-PAGE gel for detection of Sox9 and p-Sox9. Proteins were transferred electrophoretically to nitrocellulose membrane. After blocking in 5% non-fat dry milk in PBST (phosphate buffered saline with 0.1% Tween 20, 20 mM Na 2 HPO 4 , 115 mM NaCl, pH 7.4), the membranes were washed and exposed to the primary antibodies overnight at 4°C. Polyclonal anti-Sox9 antibody (Santa Cruz Inc., CA, USA) in 1:400 dilution, polyclonal anti-p-Sox9 antibody (Sigma, Budapest, Hungary) in 1:1000, polyclonal anti-GAPDH antibody (Abcam, Cambridge, UK) in 1:1000 and polyclonal anti-PP2B antibody (Abcam, Cambridge, UK) were used. Basal calcineurin is 62 kDa, CnAdelta and CnAgamma are 77 kDa. After washing three times for 10 min with PBST, membranes were incubated with the secondary antibody, anti-rabbit IgG (Bio-Rad Laboratories, CA, USA) in 1:1000 dilution for Sox9 and anti-goat IgG (Sigma, Budapest, Hungary) for p-Sox9 in PBST containing 1% non-fat dry milk for 2 hours at room temperature. Signals were detected by enhanced chemiluminescence (Amersham Biosciences, Budapest, Hungary) according to the manufacturer's instruction.
RT-PCR Analysis
Total RNA was isolated from cells using RNA Isolation Kit according to the manufacturer's instruction (Gentra Systems Inc., Minneapolis, MN, USA). The assay mixture for reverse transcriptase reaction contained 2 μg RNA, 0.112 μM oligo(dT), 0. Optical density of signals was measured by using ImageJ 1.40g freeware (downloaded from: http://rsb. info.nih.gov/ij/) and results were normalized to the optical density of untreated control cultures.
Calcineurin activity assay
For calcineurin activity assays, cells were harvested and after centrifugation at 10,000×g for 10 min at 4°C, the supernatants were used for enzyme activity measurements. Activity of calcineurin was assayed by the release of 32 P i from 32 P-labelled protein phosphatase inhibitor-1 as it was described by Yang et al. [35] with some modifications [19] .
Measurement of cell proliferation with 3 H-thymidine labeling, cellular viability with MTT-assay
Measurements were carried out in 10 samples of each experimental group in 4 independent experiments. Data were statistically analyzed with F-test [17] . For investigation of cellular viability, cells cultured in wells of 96-well microtiter plates were used and 10 μL MTT reagent (3-/4,5-dimethylthiazolyl-2/-2,5-diphenyltetrazolium bromide; 25 mg MTT/5 mL PBS) was pipetted into each well. Cells were incubated for 2 hours at 37°C and following addition of 100 μL of MTT solubilizing solution the absorption was detected at 570 nm using a Chameleon microplate reader (Hidex Ltd., Turku, Finland) on the second day of culturing [32] .
Results
Transfection of high density chondrifying cell cultures
Application of any kind of transfection reagent on day 1, after the cells have attached to the surface of culturing dishes, resulted in a low number of GFPexpressing cells on day 2. However, plasmid delivery was only successful if transfection was carried out on freshly isolated cells in solution, therefore, further experiments were carried out in a solution of isolated cells. The highest GFP expression was detected after electroporation ( Figure 1A ) and the data of flow cytometry also supported the effectiveness of nucleofection with Amaxa (95% transfection) ( Figure 1B) . Transfection with DMRIE-C or SuperFect reagents, which are recommended for transfection of adhering cells, yielded very low efficiency (about 10%, Figure 1A and 1B). Moreover, HDC cells show very low adhesion capability after the application of either SuperFect or DMRIE-C and cells had detached into the medium by day 3.
The transfection efficiencies of Lipofectamin 2000 and Saint-Mix reagent were significantly higher than SuperFect or DMRIE-C (around 60% transfection) in five parallel experiments as revealed by elevated levels of GFP ( Figure 1A and 3A).
Viability and proliferation of HDC cultures vary by using different transfection methods
It is known that the consequence of transfection and GFP expression may decrease cellular viability and/or proliferation ability of cells and in severe cases it can even cause apoptosis [11] . A decrease in the number of viable cells can inhibit cartilage formation by lowering the cell density of chondrifying cultures [20] . Chemical transfection reagents did not cause considerable cell death, but electroporation resulted in a significant decrease in cell number (data not shown). Apoptotic and necrotic effects of GFP expression following plasmid delivery with various transfection methods was determined by FACS. Although very slight apoptosis was detected in the presence of DMRIE-C or SuperFect reagents, the apoptotic rate following electroporation with Amaxa (47% apoptosis) was considerable ( Figure 1B) . The apoptotic effect of Lipofectamin 2000 was more pronounced (25% apoptosis) than that of the Saint-Mix reagent (7% apoptosis, compare Figure 1B and 3A). The proliferation capability and the viability of cells were also investigated on day 2 of culturing ( Figure 2A and 2B). The pores formed during electroporation (Amaxa) probably caused such serious alterations that the mitochondrial activity of cells decreased to 20% compared to the untransfected cultures, moreover, GFP expression further inhibited the metabolic activity of chondrifying mesenchymal cells (Figure 2A) . Detection of radioactive thymidine incorporation suggested that nucleofection completely blocked the proliferation of chondrifying cells ( Figure 2B ).
The application of SuperFect and DMRIE decreased the viability of cells to 71% and 62% respectively, moreover, GFP expression did not cause any further effect on viability of HDC cultures using the above mentioned transfection methods (Figure 2A) . SuperFect totally inhibited cell proliferation, while DMRIE-C had a moderate inhibitory effect with or without GFP expression ( Figure 2B ). Lipofectamin 2000 (Figure 2A ) and Saint-Mix ( Figure 3C ) also decreased the metabolic activity of cells to 71 and 75% respectively, these methods however, had the least harmful side effects. GFP expression caused further reduction of mitochondrial activity in Lipofectamine 2000 transfected cells (Figure 2A) , and decreased the proliferation ratio as well ( Figure 2B ). Cells transfected with Saint-Mix reagent showed the least affected mitochondrial activity and proliferation rate irrespectively of the presence of GFP ( Figure 3C and 3D) . H-thymidine incorporation, respectively. Assays were carried out 3 days after transfection. Data represent the mean ± standard error of the mean of three independent experiments. Asterisks indicate significant change as compared to the control (*P<0.05) or compared to the transfection reagent without pEGFP (**P<0.05). Cartilage nodules were visualized with DMMB or toluidine blue on day 6 of culturing. Optical density (OD 625 ) of samples were determined from toluidine blue extracted with 8% HCl dissolved in absolute ethanol. Data are mean values of each experimental group out of five measurements (standard error of the mean was ±7%). Representative photomicrographs of five independent experiments.
Effect of transfection methods on the formation of metachromatic cartilage nodules
Presence of cartilage matrix can be demonstrated with metachromasia due to its extremely high glycosaminoglycan and proteoglycan content [20] . Metachromatic color of dimethylmethylene blue staining is bright purple and the number of the metachromatic cartilage nodules detected on day 6 of culturing allows a good approximation to the efficiency of cartilage formation. In the micromass cultures of chondrogenic mesenchymal cells a spontaneous cartilage formation occurs during 6 days of culturing [16, 17, 19, 20, 30] . We were almost unable to detect any metachromatic staining in cell cultures treated with electroporation and GFP expression caused a total loss of metachromasia ( Figure 2C ). As previously mentioned, the SuperFect Reagent caused the chondrogenic cells of high density cell cultures to detach from the surface of Petri dishes on day 2 of culturing, therefore no cartilage formation occurred ( Figure 2C ). The DMRIE-C Reagent transfected cells showed low metachromasia (35%) and expression of GFP further suppressed cartilage formation to 11% of the control ( Figure 2C ). The reduction of cartilage formation after transfection by Lipofectamine 2000 was moderate (76%), but GFP expression of Lipofectamine 2000 transfected cells resulted in a decrease of the area of metachromatic cartilage nodules to 23% of the control ( Figure 2C ). Saint-Mix Reagent was unique in respect of metachromasia and GFP transfection compared to the other methods used in our experimental protocol ( Figure 5C ). This amphipatic agent did not reduce the metachromatic staining of 6-day-old HDC cultures and rather acceptable staining was achieved when GFP was also present (87%).
Expression of cartilage specific extracellular matrix component (aggrecan) and transcription factor (sox9) are influenced by various transfection methods
The extracellular matrix secretion of cartilage starts on the second day of culturing and it becomes rich in type II collagen and aggrecan, a large and cartilage specific proteoglycan [22, 36] . The expression of these extracellular matrix molecules is controlled by Sox9, which is the major transcription factor responsible for the regulation of cartilage differentiation [23, 37] . As we have shown, the cells of HDC cultures were detached on the second or third day of culturing treated with Amaxa, therefore this transfecting agent was not used in the following set of experiments. The application of SuperFect, DMRIE-C, Lipofectamine 2000 and Saint-Mix reagent when transfecting cells did not cause significant changes in the expression level of mRNA of sox9 compared to the control in the absence or presence of GFP. However, the mRNA expression of aggrecan core protein did increase when Saint-Mix Reagent or SuperFect Reagent with pEGFP were applied ( Figure 4A and 4B) .
Overexpression of calcineurin diminishes cartilage formation
As the Saint-Mix reagent seemed to be an efficient method of gene transfer, transfection by pEGFP-C1 vectors containing the constitutive active CnAdelta or the gamma isoform of catalytic subunit (CnAgamma) of calcineurin have been tested. High level of transfection efficiency can be seen on day 2 of culturing with fluorescent microscope ( Figure 3A) . According to FACS analysis the efficiency reaches 25% both in CnAdelta and CnAgamma containing vectors with very low apoptotic rate ( Figure 3B ). Although the viability of chondrifying cells was not reduced by the overexpression of CnAdelta and CnAgamma Figure 4 . The mRNA expression levels of sox9, aggrecan and calcineurin in 2-day-old HDC cultures. The effect of transfection methods and GFP expression on the mRNA expression of sox9 and aggrecan (A). Transfection agents are abbreviated as given in Figure 2 . GAPDH was used as a control. Representative measurements of five independent experiments were taken. The mRNA expression of calcineurin, sox9 and aggrecan after the application of Saint-Mix Reagent, GFP and the variants (CnAdelta and CnAgamma) of the catalytic subunit of calcineurin (B). GAPDH was used as a control. Representative data of five independent experiments in 3-day-old high density cultures were taken.
( Figure 3C ), the proliferation ratio was suppressed to 20-30% and a pronounced decrease of the size of metachromatic areas was detected at day 6 of culturing ( Figure 3D and 5C). Protein expression efficiency was high as demonstrated by the elevated levels of both basal and transfected form of calcineurin, which occurred without a change in the basal mRNA expression ( Figures 4B and 5A) . Furthermore, activity of calcineurin was significantly higher in the CnAdelta expressing experimental group compared to the control group. Calcineurin activity assayed in CnAgamma expressing cultures was at the same level than that of control cultures ( Figure 5B ). Inhibition of cartilage formation was observed in both the CnAdelta or CnAgamma expressing experimental groups: mRNA expression of cartilage specific molecules such as aggrecan and sox9, and also the protein expression of Sox9 as well as the level of the more active p-Sox9 were all diminished ( Figure 4B and 5A).
Discussion
Chondrifying mesenchymal micromass cell culture is a widely used experimental model for studying signal transduction pathways of chondrogenesis [16, 17, 20, 38] . In this model an unusually high number of differentiating cells, is essential allowing cell-cell contacts and communication of chondrifying cells. Efficacy of chondrogenesis can be detected at the population level and not in single cells of such cell cultures. After inoculation and adhesion of the freshly isolated cells, a rapid proliferation and cell migration is initiated. Chondrogenic cells establish multilayer precartilage nodules by day 2 of culturing and cartilage specific matrix components are secreted from the beginning of day 3. Considering the above mentioned parameters, it is a big challenge to achieve a successful level of introduction of any expression vector into a reasonably high number of chondrogenic cells, without disturbing the precisely timed differentiation program. Electroporation with Amaxa using a protocol given for primary cells showed high efficiency, but the expression of GFP resulted in very serious apoptosis. This observation was supported by the results of MTT assay and thymidine incorporation showing that electroporation, parallel with the apoptotic effect of GTP expression, dramatically decreased mitochondrial activity and proliferation. Due to the apoptosis and the low cell density, mesenchymal cells lost their chondrifying characteristics, therefore detection of metachromasial extracellular matrix was almost impossible on the last day of culturing (day 6). Thus, although electroporation gives high transfection efficiency on different cell lines [39, 40] it does not seem applicable to deliver vectors into primary mesenchymal chondrifying cell cultures.
The formation of a liposome suggested a promising possibility for the transfection of HDC cultures without disturbing the cell membrane integrity [4] , however, the success of the various lipofection methods is cell type dependent. Three types of liposome based reagents: Lipofectamine 2000, DMRIE-C and SuperFect, with similar chemical structures and transfection mechanisms, have been tested in our experimental system. SuperFect was shown to be effective in primary cell cultures, e.g. hepatocytes [41] , but in the multilayer HDC cultures low transfection efficiency was achieved. Furthermore, cell differentiation and proliferation were also blocked and detachment of cell cultures was observed. Although the mRNA level of aggrecan core protein was higher than in the control, metachormatic nodules could not be detected. In addition, the decreased level of sox9 mRNA suggested that mesenchymal cells have lost their differentiating capability. Application of DMRIE-C reagent was successful in articular chondrocytes and other primary cells [42, 43] , but in the HDC cultures it showed low efficiency with a moderate apoptotic effect. Although DMRIE-C did not influence the viability of cells or the expression of sox9 and aggrecan, it decreased cell proliferation and only a low number of metachromatic cartilage nodules developed. These results suggest that the reagent itself inhibits the proliferation of differentiating mesenchymal cells and as a consequence, suboptimal cell number caused reduced chondrogenesis. DNA transfer with Lipofectamine 2000 is the most commonly used and popular liposomal transfection method providing promising results in various cell types including primary cells and sensitive cell lines as well [2, 4, 44, 45] . In this work Lipofectamine 2000 exhibited low apoptotic effect and the efficiency of transfection was also acceptable. However, overexpression of GFP increased apoptosis in HDC cultures and reduced mithochondrial activity and proliferating capability of differentiating mesenchymal cells. The mRNA expression of aggrecan and sox9 did not show significant changes compared to the control and levels of both Sox9 protein and its phosphorylated form remained the same. These findings suggest that Lipofectamine 2000 itself did not cause serious damage in mesenchymal cells but following introduction of GFP expression vector a relatively high percent of cell death was observed, and as a consequence, formation of metachromatic nodules diminished.
The Saint-Mix Reagent is a synthetic non-liposomal small amphipathic molecule, which is widely used in transfecting normal and tumor cells [14, 15, 46] . About 50% of the chondrifying cells were successfully transfected with this reagent and transfection did not increase apoptosis compared to the control group even in the presence of GFP. The viability of mesenchymal cells after transfection remained at about the same level as other lipofection transfection methods, and the GFP expression did not change the mitochondrial activity compared to other methods. The mRNA level of aggrecan and sox9 did not decrease and even the Sox9 and p-Sox9 level remained close to that of the control cells. According to these results Saint Mix Reagent was chosen for the transient transfection of the primary chondrifying cells.
PP2B (calcineurin) is a Ca 2+ -calmodulin sensitive Ser/Thr specific protein phosphatase [47] . As Ca 2+ -homeostasis of primary chondrogenic cells is tightly regulated during chondrogenesis [30, 38] it is plausible to suppose that alteration of the activity of calcineurin can be one of the targets of these changes. Indeed, it is described that calcineurin regulates cartilage formation through dephosphorylation of the transcription factor NFAT [48] . Previously, our group reported that inhibition of calcineurin by cyclosporine A reduces cartilage formation; it is a mediator of the effects of oxidative stress in high density cell cultures and it regulates the phosphorylation level of ERK1/2 and Sox9 [19] . Calcineurin is also involved in the activation of apoptotic processes [49] and in the regulation of cytoskeleton formation [50] . Furthermore, increased calcineurin expression and catalytic activity can be detected during cell proliferation [51] . As calcineurin is a positive regulator of chondrogenesis, we aimed to demonstrate the effects of the elevated expression of this signal molecule during chondrogenesis. SaintMix Reagent was selected for the transfection of chondrifying mesenchymal cells with CnAdelta and CnAgamma variants of calcineurin. CnAdelta is a constitutively active form and HDC cultures transfected by this construct exhibited a higher calcineurin activity, while transfection by CnAgamma did not change the basal activity of calcineurin during chondrogenesis. Surprisingly, the elevated level of the constitutively active CnAdelta increased the basal calcineurin expression and inhibited cartilage formation. This effect could be the result of the inhibition of cell proliferation, but Sox9 expression and phosphorylation were also reduced. Overexpression of CnAgamma did not affect the activity of calcineurin but also diminished cartilage differentiation. It is known that Sox9 is one of the positive regulators of chondrogenesis and it is also responsible for the regulation of aggrecan expression [29, 52] . Overexpression of both modified variants of calcineurin reduced both mRNA and protein expression levels of Sox9 and also decreased the fraction of p-Sox9.
On the basis of our data, transient transfection of primary chondrogenic cells can be performed with the best efficacy by an amphiphilic reagent (in this case Saint-Mix Reagent) and introduction of the expression vector has to occur in a cell suspension prior to the adhesion of the cells. The Saint-Mix Reagent was the only agent among those applied methods which allowed successful differentiation of the primary chondrogenic cells. Nonetheless, interpretation of the results of protein overexpression experiments in primary differentiating cells needs care scrutiny, as the overexpression of the otherwise positive chondrogenic regulator calcineurin resulted in a reduction of cartilage formation.
